Cereal Chem. 87(5): [467][468][469][470][471][472][473][474] Oat (Avena sativa L.) kernels appear to contain much higher polar lipid concentrations than other plant tissues. We have extracted, identified, and quantified polar lipids from 18 oat genotypes grown in replicated plots in three environments to determine genotypic or environmental variation in these lipids. Validation experiments indicated a solid phase silica gel extraction step elution provided excellent and clean separation of extracted lipids into neutral lipid, glycolipid, and phospholipid fractions. Analysis of phospholipids by HPLC (normal phase, diol column) indicated phosphatidylethanolamine, phosphatidylcholine, phosphatidic acid, phosphatidylglycerol, phosphatidylinositol, and lyso-forms but very little genotypic or environmental variation. Di, tri and tetragalactosyl-diacylglycerols were quantified in the glycolipids, along with their mono-, di-, and triacyl estolides. Most of these exhibited significant genotypic variation. Molecular species analysis of the glycolipids in the Morton cultivar by direct infusion electrospray ionization tandem mass spectrometry confirmed the enormous diversity of galactosyl-lipids in oats. Analyses indicated total lipid of ≈8.3% (dry weight basis), of which ≈10% was phospholipid and 11% was glycolipids. These results indicate that oats are a rich source of polar lipids and contain an extremely rich diversity of galactosyl-lipids.
Oats (Avena sativa L.) are a cereal rich in oil, which can provide a high energy diet for animals. However the high levels of oil in oats have been a concern for interests in human food because of an emphasis on fat-conscious diets and because of stability (oxidation) problems with lipids that can reduce shelf life in processed foods. Yet the composition of oat oil is relatively healthful, being comparatively high in monounsaturated fatty acids such as oleic acid, and containing significant levels of tocopherols (Peterson and Wood 1997) .
Of particular interest in the study of oat lipids are the high levels of polar lipids. Previous studies have indicated that oat oil may contain 5-15% glycolipids and 5-26% phospholipids (de la Roche et al 1977; Youngs et al 1977; Sahasrabudhe 1979) . Based on 8% total oil concentration, these values indicate that oat kernels may contain ≈0.8-2.8% polar lipids (phospholipid and glycolipid combined) on a dry weight basis (dwb) . These values would appear to be remarkably high levels compared to survey results presented by Sugawara and Miyazawa (1999) , who reported a range of 0.005-0.6% for tissue glycolipid concentration among 48 edible plant species. Characterization of oat polar lipids has largely been performed by thin-layer chromatography. Studies have identified monogalactosylmonoacylglycerol, monogalactosyldiacylglycerol, digalactosylmonoacylglycerol, digalactosyldiacylglycerol (DGDG), sulfatides, sterol glucosides and glucocerebrosides among glycolipids in oats (Price and Parsons 1976; Youngs et al 1977; Sahasrabudhe 1979) . Of these, DGDG was the most abundant glycolipid (Price and Parsons 1976; Youngs et al 1977; Sahasrabudhe 1979; Aro et al 2007) . Indeed, Andersson et al (1997) reported yields of 6 g/kg of a highly purified DGDG preparation from oat bran by a serial extraction involving supercritical CO 2 and acetone. Among the phospholipids, phosphatidylethanolamine, phosphatidylcholine, phosphatidic acid, phosphatidylglycerol, phosphatidylinositol and lyso-forms of these have been identified, with phosphatidylcholine the most abundant (Price and Parsons 1976; Youngs et al 1977; Sahasrabudhe 1979; Aro et al 2007) .
In addition, some more unusual lipids have been reported. Holmback et al (2001) reported N-acylphosphatidylethanolamine and acylphosphatidylglycerol in concentrations of ≤15% of total phospholipid content. Hamberg et al (1998) reported an estolide of DGDG, where additional linoleic acid was esterified to DGDG at the 15 position of a hydroxyl-linoleic acid. More recently, Moreau et al (2008a) , using liquid chromatography-mass spectrometry (LC-MS) and direct infusion electrospray ionization tandem mass spectrometry (tandem MS/MS) have described a series of natural estolides of galactosyl lipids in oats ( Fig. 1 ) including mono-diand tri-acyl derivatives of di-tri-and tetra-galactosyldiacylglycerols. These results indicated that oats contain a hitherto undescribed diversity of forms of galactosyl-lipids. Unfortunately, because of a lack of replication in this study, its quantitative results cannot be considered reliable.
Knowledge of abundance of polar lipids in oats has stimulated some studies into the possible use in commercial applications. Several studies have investigated the application of polar oat lipids in breadbaking, primarily as emulsifiers (Forssel et al 1998; Erazo-Castrejon et al 2001) . Blom et al (1996) described the use of a DGDG preparation in oats in the emulsification of fat soluble pharmaceuticals for more efficient absorption. Successful development of applications for these unique oat lipids may depend on more complete knowledge of them. It is well-known that various solvents will extract different lipids based mostly on solvent polarity (Sahasrabudhe 1979; Moreau et al 2003) . Application of modern HPLC techniques coupled with mass spectroscopy and evaporative light scattering detection (ELSD) has improved our abilities to analyze complex lipids over many of the earlier studies cited here.
In this study, we test the hypothesis that polar lipid composition and concentration may vary with cultivar and environment. We show validation experiments, testing the efficiency of silica gel solid phase extraction (SPE) to separate neutral, phospho-, and glycolipids. We have tested a variety of solvents for efficiency in extracting oat polar lipids. We have extracted oat oil from a variety of cultivars grown in replicated trials from three environments and quantified polar lipids by HPLC-ELSD. We have also used tandem MS/MS to determine the identity and relative abundance of the different molecular species of galactosyl lipids and their natural estolides. The results provide the first wellreplicated quantifications of these lipids using these advanced technologies and demonstrate the remarkable abundance and diversity of polar lipids in oat kernels.
MATERIALS AND METHODS

Plant Material
Initial characterizations of oat (Avena sativa L.) lipids were performed on the cultivar Morton. Grain for these analyses was obtained from 30-m long, four-row plots with 30-cm row spacing. The seeding rate was 165 kernels/m 2 . Four rows of winter wheat were planted between plots to provide isolation and facilitate harvesting. Entire plots were harvested at maturity with a plot combine and seed was cleaned using an A/S Rationel Kornservice sample cleaner, model SLN3 (Gammelby Møllevej 4 DK, 6700 Esbjerg, Denmark).
For analysis of genotypic differences in polar lipid concentrations, 18 oat genotypes were grown in replicated plots, including cultivars AC Assiniboia, Beach, Brawn, CDC Dancer, Gem, HiFi, Killdeer, Leonard, Maida, Morgan, Morton, Otana, AC Pinnacle, Ronald, Triple Crown, and CDC Weaver, as well as the breeding lines ND021612 and ND030291. The oats were grown in three environments in North Dakota (Carrington, Fargo, and Williston), in the 2005 growing season with three replicates per location. A seeding rate of 165 kernels/m 2 was used for all experiments. Herbicide treatments were preemergence application of 3.93 kg/ha of propachlor and application at the three-leaf stage with a tank mix of 0.14 kg/ha of thifensulfuron, 0.07 kg/ha of tribenuron, and 0.14 kg/ha of clopyralid. Experimental units were four 2.4-m rows spaced 0.3 m apart. The two center rows were harvested with a two-row binder and threshed with a plot thresher. The harvested grain was cleaned using a Clipper (Bluffton, IN) model 400 office tester and cleaner fitted with a 4.75 × 19-mm oblong hole sieve and with aspiration adjusted so that kernels containing a groat were not removed.
Oil Extraction
Oat grain was dehulled with a compressed air oat dehuller (Codema, Eden Prairie, MN). Oat groats (caryopses) were steamed with a vegetable steamer for 20 min to inactivate the hydrolytic enzymes. Enzyme inactivated groats were ground with a Retsch (Haan, Germany) Z-200 centrifugal mill with a 0.5-mm collar screen. For initial validation experiments, the total lipid extraction method of Bligh and Dyer (1959) was used. Flour (4 g, db) was initially vortexed in 24 mL of 2:1 methanol-chloroform. Deionized water (6 mL) was added then followed by 8 mL of chloroform. The mixture was vortexed well and centrifuged. The lower chloroform layer was removed and placed in a clean, weighed screw-cap tube. Chloroform (8 mL) and 100 mL of glacial acetic acid were added to the aqueous flour slurry and vortexed and centrifuged again and the organic layer pooled with the first. After filtering, the extract was evaporated to dryness on a block evaporator set at 40°C under a stream of nitrogen gas. The mass of the extract was determined from the difference in the tube mass after drying the solvent.
For polar lipid extraction, 10 g of flour was extracted in 50 mL of solvent (acetone, hexane, ethyl acetate, diethyl ether, petroleum ether, ethanol, or methanol) in 150-mL Corex (Corning, New York) centrifuge bottles. Solvent and flour were mixed thoroughly by vortexing and shaking sealed bottles by hand. Bottles were centrifuged at 1,500 × g for 15 min to pellet particulates and the supernatant removed. The pellet was suspended again in 20 mL of solvent and shaken vigorously by hand to extract a second time. The bottle was centrifuged as before and the supernatant pooled with the first supernatant. Anhydrous sodium sulfate (≈15 g) was added to the extract to remove traces of water, and the extract was filtered through filter paper (#1 Whatman). Solvent was reduced to ≈15 mL with a rotary evaporator, using an aspirator to draw a vacuum and a water bath temperature of 42°C. The remaining extract was divided into three weighed tubes and evaporated to dryness with a block evaporator at 48°C. Samples were stored under nitrogen at -72°C until further fractionated. Mass yields were determined from the change in tube mass after evaporation of the solvent.
SPE Fractionation
Crude oat oil extracts (80-200 mg) were dissolved in 9:1 chloroform-methanol. Silica solid phase extraction (SPE) columns (10 g of silica in a 75-mL column) were equilibrated with chloroform and the crude extract was applied to the column. Neutral lipids were eluted with 100 mL 4:1 chloroform-acetone. Glycolipids were eluted with 100 mL of 9:1 chloroform-methanol and phospholipids were eluted with methanol, as described by Ohm et al (1999) . Solvent was removed by a rotary evaporator at conditions described above. Several milliliters of 9:1 chloroformmethanol was added to each flask and several grams of anhydrous sodium sulfate were added to remove moisture. Solvent was removed by pipette and several more milliliters of solvent were added back to the flasks and mixed before the solvent was removed and pooled with the first aliquot. This was filtered through Whatman #541 filter paper into a weighed screw cap test tube and evaporated to dryness on a block evaporator at 48°C. Mass yields were determined by the mass difference in the tube after solvent evaporation.
Total Oil Analysis
Total oil analysis was performed on whole groats (Oxford 4000 NMR, Abingdon, UK). NMR signal was calibrated with known masses of vegetable oil. Groats were dried at 130°C for 18 hr before the NMR signal was obtained. Phosphorus and carbohydrate concentrations in oat oil preparations were analyzed as described by Erazo-Castrejón et al (2001) .
Analytical Normal Phase HPLC
Analytical normal phase polar lipid HPLC were performed on an Agilent Series 1100 HPLC, with autosampler (Avondale, PA), with detection by a Polymer Laboratories (Amherst, MA) ELS 1000 evaporative light scattering detector (ELSD), operated with a Bligh and Dyer (1959) . b Values in the same column followed by the same letter do not differ significantly (P < 0.05).
nebulizer temperature of 40°C, an evaporator temperature of 90°C, and a nitrogen gas flow rate of 1.3 L/min. The column was a LiChrosorb, 3-mm diameter and 100-mm length, 7-micron DIOL, Chrompack, (Raritan, NJ). The ternary gradient had a constant flow rate of 0.5 mL/min, with Solvent A = hexane-acetic acid, 1000:1, Solvent B = isopropanol, and Solvent C = water. Gradient timetable: at 0 min, 90:10:0 (%A /%B /%C); at 30 min, 58:38:2; at 40 min, 12:80:8; at 50 min 12:80:8; at 51 min, 50:50:0; at 52 min, 90:10:0; and at 60 min 90:10:0. Glycolipid and phospholipid samples were dissolved in chloroform at 10 mg/mL and 4-10 μL were injected. Identification of individual lipids on chromatograms were made from chromatography of lipid standards purchased from Sigma-Aldrich (St. Louis, MO) or from Matreya (Pleasant Gap, PA) and from LC-MS of oat glycolipid and phospholipid samples (Moreau et al 2008a) . Mass calibrations were determined from purified oat lipids prepared by semipreparative HPLC.
Semipreparative HPLC
Mass standards of oat polar lipids were isolated by semipreparative HPLC. Extractions were scaled up to 40 g of flour and all steps in the extraction and SPE purification as described above were scaled up proportionally. Again, an Agilent Series 1100 HPLC, with autosampler was used for chromatography, but was outfitted with a semipreparative injection system so that 400 μL of sample could be injected at a time. Again, a LiChrosorb, 7-μm DIOL, Chrompack column was used, but with 10 × 25 mm dimensions. A gradient identical to that described above was used but with a flow rate of 5 mL/min. A postcolumn flow splitter was used to divert a portion of the flow into the ELSD, allowing the remainder to be collected in a fraction collector. Fractions containing lipids were identified from the ELSD trace and from the UV absorbance of individual fractions as determined by spectrophotometer. Fractions identified as being associated with peaks identified by analytical HPLC were pooled into weighed tubes and solvent removed on a heated evaporator block with nitrogen gas. Mass yields were determined by weight differences in tubes after solvent removal. The purified lipids were dissolved in a small amount of solvent and transferred to vials, evaporated to dryness, and stored at -20°C until used for constructing mass calibration curves.
Molecular Species Analysis
Molecular species were determined from samples of Morton oats, grown in the replicated plot described above. Glycolipid samples were detected by tandem MS/MS as described previously (Moreau et al 2008a + ions of TetraGDG. Sequential neutral loss scans of the extracts produced a series of spectra with each spectrum revealing a class of lipid species containing a common head group fragment. Data are presented as % of mass spectral signal for each lipid class after correction for isotopic overlap (based on chemical formula) between spectral peaks within a class.
Statistical Analyses
All validation experiments were performed in triplicate and the results subjected to ANOVA using Statistix (Analytical Software, Tallahassee, FL) software package. Mean separation was determined by LSD also calculated by Statistix software. a Values in the same column followed by the same letter do not differ significantly (P < 0.05).
Field plots were arranged in a complete randomized block design, with three replicates. Values were analyzed with a twoway analysis of variance, where genotype was considered fixed and environment was considered random. Genotype effects were tested with the genotype-by-environment interaction mean square as an error term, and environmental effects were tested with the environment-by-replicate mean square as an error term. The Statitix computer package was used for correlation analysis.
RESULTS
To evaluate the SPE method (Ohm and Chung 1999) for the separation of neutral lipid (NL), glycolipid (GL), and phospholipids (PL), oat oil extracts were applied to a Si SPE column, and three fractions were collected and analyzed for relative mass, carbohydrate, and phosphorus content (Table I) . Distinct fractionation of most carbohydrate into the GL fraction, and the fractionation of nearly all of the phosphorus into the PL fraction indicated that the method provided excellent fractionation of crude oat oil preparations into purified NL, GL, and PL fractions.
We evaluated various solvents to optimize polar lipid extraction (Table II) . As expected, less polar solvents such as acetone, hexane and ethers, extracted quantitatively and proportionately more neutral lipids than polar lipids (PL and GL). Polar solvents such as ethanol and methanol, yielded more GL and PL than other solvents. Thus, we chose to use methanol for subsequent polar lipid extractions. Yields of methanol extraction from 18 oat genotypes, and mass yields of subsequent SPE fractionation into GL and PL fractions, compared to the total oil content in the kernels as determined by NMR are shown in Table III . Overall, methanol extraction results for the 18 oat genotypes (2.53-3.01 g/100 g of flour) are similar to those shown in Table II for methanol for the single genotype, although analysis of variance indicated significant genotypic variation for total oil, mass of methanol extracts, GL, and PL mass yields. The results suggest yields of ≈11% of the total oil in the GL fraction and ≈10% of total oil in the PL fraction, although only 35% of the total oil content was recovered with the methanol extraction. Surprisingly, there was a significant (P < 0.05) negative correlation between total oil and methanol extract mass. This indicated that we recovered more polar lipids by mass from oat genotypes with lower total oat oil. Total oil was also negatively correlated (P < 0.05) with mass of the PL fraction, but not with the mass of the GL fraction (not shown).
Analysis of PL SPE fractions by HPLC-ELSD (Fig. 2 ) yielded profiles with peaks that corresponded to commercially available standards. Quantitative analysis of the six major PL (Table IV) indicated that phosphatidylcholine was most abundant, followed by phosphatidylethanolamine and phosphatidylglycerol. Analysis of variance (not shown) indicated no significant genotypic variation in any PL, except phosphatidylinositol (genotypic means not shown). No significant environmental variations were observed except in phosphatidylcholine concentration (environmental means Fig. 2 . HPLC-ELSD profile of phospholipids in PL SPE fraction (eluted from SPE column with methanol) of the methanol extract of oat groats. Fig. 3 . HPLC-ELSD profile of glycolipids in GL SPE fraction (eluted from SPE column with 9:1, v/v, chloroform to methanol) of the methanol extract of oat groats.
not shown). No genotype-by-environment interactions were significant (not shown).
Initial HPLC-ELSD analysis of GL SPE fractions (Fig. 3) revealed three glycolipids with retention times identical to the commercial standards of acylated steryl glucoside (ASG), glucocerebroside (GC), diglactosyldiacylgycerol (DGDG). The profile also indicated many other peaks that did not correspond to any lipid for which commercial standards were available. More sophisticated analytical methodologies (Moreau et al 2008a) indicated many of these to be mono-and di-estolides of DGDG, trigalactosyldiacylglycerol (TriGDG), and tetragalactosyldiacylglycerol (Tetra-GDG). Acyl steryl glucoside (ASG) and gluco-cerebroside (GC) were also identified from LC-MS spectra (Moreau et al 2008b) .
Analysis of variance of the quantitative analysis of GL preparations from replicated oat samples indicated significant genotypic variation for most GL classes, thus genotypic means are presented (Tables V, VI). These results indicated DGDG and its mono-and di-acyl estolides were the most abundant glycolipids, although ASG and TriGDG each made up >5% of the total GL. Other GL were present at <2% of the total GL. Although there was significant genotypic variation in most GL classes (Tables V, VI), the magnitude of the variation could not be considered to be very large.
Most of the genotypic means were within 20% of the grand mean. Also the genotypic rankings of abundance of the various GL (not shown) were largely consistent among themselves and with the rankings observed for methanol extract mass and GL SPE fraction mass (Table III) . If the GL quantities were expressed as proportions of the total GL fraction, there were very few significant genotypic differences (not shown).
Quantitative analysis of the GL SPE fraction from a single oat cultivar (Morton) was conducted using tandem MS/MS. Unlike the HPLC-ELSD method, which separates lipids into lipid class peaks of phospholipids and glycolipids, tandem MS/MS quantifies the individual molecular species within each lipid class so that abundance of each could be determined.
Quantitative analysis of DGMG molecular species in Morton oats (Fig. 4) indicated the 16:0 species was most abundant, comprising nearly half of the total. The 18:1 and 18:2 species each made up ≈25% of the total, while only trace levels (accounting for <1% of the total mass spectral signal, after isotopic deconvolution, for DGMG) of 18:3, 18:2-OH, and 20:1 species were detected (data not shown for these molecular species or for other molecular species <1% of total). Here, the molecular species identification is expressed as an abbreviation "Y:Z", where Y indicates the total number of carbon atoms in the fatty acids moieties, and Z indicates the total number of carbon-carbon double bonds in the fatty acids. The -OH designation indicates a hydroxy-fatty acid.
Molecular species detected for DGDG (Fig. 4) indicated a diversity of forms. The 36:4 species was the most abundant and >90% of the total mass spectral signal could be accounted for by the 34:1, 34:2, 36:2, 36:3, 36:4, and 36:5 species, but trace levels (<1% of the total mass spectral signal) of numerous other molecular species were also detected, including 32:0, 32:1, 32:3, 34:4, 36:6, 36:3-OH, and 36:5-OH.
Of the molecular species detected for the Acyl-DGDG estolide (Fig. 4) , the 54:6 species was the most abundant, and the combination of the 52:4, 54:4, 54:5, 54:6, and 54:7 species accounted for ≈90% of the total mass spectral signal, but trace amounts (<1% of the total) of 50:4, 52:2, 54:3, 54:8, 54:9, and 54:7-OH were also detected.
Over 90% of the Diacyl-DGDG mass spectral signal could be accounted for by the 70:6, 72:7, and 72:8 species. Traces of 70:4, 70:5, 72:9, 72:7-OH, and 72:8-OH were also detected.
Although Triacyl-DGDG was generally not detected by our HPLC methodologies and was not quantified in this study, this lipid was detected in Morton oat extracts by tandem MS/MS (data not shown). Only four molecular species were detected. The 90:10 species was the most abundant and accounted for 47% of the total. The 88:7 species accounted for 30% of the total, the 90:8 species accounted for 14% of the total, and the 90:7 species accounted for the remaining 9% of the total. TriGMG was generally detected by HPLC in very low levels (Fig. 3) . Tandem MS/MS indicated that the 18:2 molecular species was the most abundant, accounting for 63% of the total mass spectral signal. The 18:1 species accounted for 18% of the total, 16:0 accounted for 13%, and the 18:3 species accounted for the remaining 7% of the total (Fig. 5) .
TABLE IV Quantitative Analysis (HPLC-ELSD) of Phospholipid Classes in PL SPE Fraction of Methanol Extracts of Morton Oat Groats
Many different molecular species of TriGDG could be detected (Fig. 5) . The 36:4 species was the most abundant, and the combination of 34:1, 34:2, 34:3, 36:2, 36:3, 36:4, 36:5, and 36:6 molecular species accounted for most of the total mass spectral signal. Trace levels (<1% of total) of 32:0, 32:1, 32:2, 32:3, 34:4, 36:1, 36:3-OH, 36:4-OH, and 36:5-OH were also detected. Five major molecular species were identified for the Acyl-TriGDG estolide with the 52:4, 54:4, 54:5 54:6 and 54:7 species as most abundant. Traces (<1% of the total mass spectral signal) of 52:1, 52:5, 54:5-OH, and 54:6-OH were also detected. Only three molecular species of the Diacyl-TriGDG estolide could be detected, the 72:7 species being the most abundant. The 72:7 and the 72:8 species together accounted for 97% of the total.
Although five molecular species of TetraGDG could be detected (Fig. 6) , 96% of the total could be accounted for by the 36:3, 36:4, and the 36:5 species, with the 36:4 by far the most abundant. Only traces of Acyl-TetraGDG estolide in the Morton extracts could be detected, and all of these were the 54:6 molecular species.
In our previous report (Moreau et al 2008a) , using tandem MS/MS, we identified many of the molecular species of galactosyllipids and their estolides presented here (Figs. 4, 5, 6 ). In the current study we used the same tandem MS/MS method, to quantify these molecular species with replicated samples. Most of the major molecular species that were quantitatively analyzed in the current report were the same species detected in the previous report.
DISCUSSION
Methanol proved to be an excellent solvent for the extraction of polar lipids from oats although no solvent proved capable of extracting all of the oil in oat flour. NMR analyses of samples analyzed in this study indicated that Morton oats contained ≈8.0% total lipid (Table III ). Yet the highest total lipid mass yield from solvent extraction was 4% (Table II) , and that was with acetone, which yielded little of the polar lipids. With methanol extractions (Table III) , mean GL yields were 0.94 g/ 100 g of flour, and mean PL yields were ≈0.82 g/100 g of flour. If we use the mean total oil value of 8.35%, this would indicate that at least 21% of the total oat oil is polar lipid. GL concentrations measured here are considerably higher than the highest GL values reported by Sugawara and Miyazawa (1999) in their survey of glycolipid concentrations in plant tissues. Our relative proportions of GL and PL to total lipid are largely consistent with the results of Price and Parson (1976) . They suggested wheat oil had a higher relative content of polar lipids, but overall concentrations in wheat were uniformly much lower than those of oat. Thus, our results suggest that oat kernels may be one of the richest source of polar lipids, in particular glycolipids, of any plant tissue, to our knowledge.
It should be noted that other studies have reported much higher oil mass yields from oats using more elaborate solvent extraction protocols such as Soxhlet extractors (Sahasrabude 1979) , Goldfisch extractor (Youngs et al 1977) , or pressurized solvent extraction (Moreau et al 2003) . Yields in these studies approach the values of total oil reported here (Table III) as detected by NMR. It is obvious that our relatively gentle solvent extraction grossly underestimates neutral lipid concentration, but it is also interesting that none of these earlier studies reported any lipid resembling estolides. We consider low-heat extraction protocols were most reliable for recovering estolides, although we have not characterized this requirement in detail.
The successful clean separation of oat oil extracts into NL, GL, and PL fraction (Table I ) was fundamental to the success of these analyses. It is difficult to detect low concentrations of polar lipids by HPLC when most of the lipids in the extract are neutral lipids, as is uniformly the case with any solvent extraction (Table II) . Also, it is obvious from Figs. 2 and 3 that many GL and PL classes would interfere with detection if analyzed as a crude extract.
The molecular species data represents different fatty acid combinations within a glycolipid class. Although we do not provide the exact fatty acid combinations for each species, these can usually be easily derived from different combinations of 16:0, 18:0, 18:1, 18:2, 18:3, 20:1, and 18:2-OH. Some ambiguities exist. A molecular species as identified by mass with tandem MS/MS may actually be a mixture of molecular species varying in individual acyl chains, but with the same number of total acyl carbons and double bonds. The 18:2-OH fatty acid is assumed to be 15-hydroxy linoleic acid, identified by Hamberg et al (1998) to be the hydroxy-fatty acid esterified in the acyl-DGDG. Our analyses (Doehlert, unpublished results) by gas chromatography-mass spectrometry of methylated and silylated fatty acids from oat GL fractions have indicated that 15-hydroxy linoleic acid is exclusively associated with the GL fraction, and no other hydroxy-fatty acid can be identified in this fraction. However, tandem MS/MS data suggest the presence of traces of a hitherto undescribed 18:3-OH fatty acid. Thus, some estolides may be esterified to 18:3 fatty acids, in addition to the 18:2-based estolides described by Hamberg et al (1998) . However, the enrichment of estolides with 18:2 fatty acids, as suggested from data in Figs. 4 and 5, supports the concept that most of the estolides are based on 15-hydroxylinoleic acid. The diversity of glycolipids recovered in our methanol extraction of oats is remarkable. Monogalactosyldiacylglycerol (MGDG) and DGDG, with lesser amounts of phospholipids were observed in significant levels in oat kernels and other seeds (Price and Parsons 1976; Youngs et al 1977; Sahasrabudhe 1979; Andersson et al 1997; Morrison 1998; Ohm and Chung 1999; Sugawara and Miyazawa 1999; Moreau et al 2003) . It is remarkable that we did not detect MGDG in this study. TriGDG is less commonly observed, but has been reported in wheat (Morrison 1998) , potatoes (Galliard 1969) , rice (Fujino and Miyazawa 1979) , Adzuki beans (Kojima et al 1990) , and pumpkin (Galliard 1969; Ito and Fujino 1975; Sugawara and Miyazawa 1999) . TetraGDG was reported previously only in rice (Fujino and Miyazawa 1979) . Thus, the abundant DGDG, TriGDG, TetraGDG, and numerous natural estolides of these galactosyl lipids appear to be unique to oats and represent an unprecedented diversity of galactosyl-lipids.
Galactolipids in plant tissues such as MGDG and DGDG are generally associated with plastid membranes (Dörman and Benning 2002) . Thus, we would expect that the variety of glycolipid recovered from oat kernel extracts was associated with the amyloplast in the endosperm tissue, which is specialized for starch storage. However, we can offer no speculation as to the reason for such high concentrations of polar lipids in oat kernels, nor to their function.
Significant genotypic and environmental variation in total lipid concentration in oat groats was shown in Youngs et al (1977) and data collected here are consistent with those. Although we did find some significant genotypic and environmental variations in polar lipid concentrations, these were not large in magnitude and are probably not particularly significant in a practical sense. These results indicate that if a commercial venture were to seek to purify polar oat oil for marketing, it would make little difference which cultivar they would use for their processing for polar oat oil purposes.
CONCLUSIONS
Oats are rich in polar lipids, containing ≈1.7% polar lipid (db) in the flour. This exceeds any other plant source, to our knowledge, as reported by Sugawara and Miyazawa (1999) . Although the composition of phospholipids is typical of many plant sources, the composition of glycolipids is particularly diverse. Not only do they contain di, tri, and tetragalactosyl-diacylglycerols, but also possess mono-, di-, and tri-acyl estolides of these galactolipids, where additional acyl groups are esterified to 15-hydroxy-acylglycerols as reported by Hamberg et al (1998) and Moreau et al (2008a) . Although we find significant genotypic variation in glycolipid concentration, the magnitude of the variation is not great. Our results indicate that genotypes with the lowest total oil concentration had the highest polar lipid concentration in flour.
